Abscruct-We measure and calculate the optical properties of strong (Sn/n N lop3 in-core optical fiber phase gratings written by the UV laser sidewriting technique. A pronounced fine structure on the main reflection peak is observed and explained, along with a short wavelength loss associated with radiation mode coupling, modulated by cladding effects. The in-core fiber phase gratings are made by interfering two ultraviolet laser beams on a suitably photosensitive optical fiber [SI. The gratings discussed in the present work were made with an Excimer-pumped frequency doubled dye laser operating at wavelength of 242 nm. Typically the fibers were exposed to fluences of about 300 mJ/cm2 at 25 Hz for about 5 min. While the details of the growth mechanism are not well understood, it is known that the interfering beams impose a spatially modulated change in the index of refraction of the fiber core (with a period of -0.5pm for a Bragg wavelength of 1.5 pm). Also important, the space averaged refractive index increases in response to the envelope function of the interfering laser beams. (See Fig. 1 ). The best evidence for this slowly varying (in space) background index is the observation [6] that the vacuum Bragg wavelength increases as the gratings grow. Indeed, this is to be expected for any process in which the change in refractive index is a simple function of the light intensity, which itself is always non-negative.
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I. INTRODUC~ION S interest grows in the application of short period in-
A core fiber phase gratings "written" in photosensitive fiber [l] , [2] , there is an increasing need to more fully characterize their optical properties. As stronger gratings have become available [3] , along with high resolution measurements of the grating transmission properties [4] , it has become necessary to address the issues of the spectral fine-structure, and of the radiation mode coupling loss, that we experimentally observe and report here. Both effects have the potential to impact on device performance [4] .
The in-core fiber phase gratings are made by interfering two ultraviolet laser beams on a suitably photosensitive optical fiber [SI. The gratings discussed in the present work were made with an Excimer-pumped frequency doubled dye laser operating at wavelength of 242 nm. Typically the fibers were exposed to fluences of about 300 mJ/cm2 at 25 Hz for about 5 min. While the details of the growth mechanism are not well understood, it is known that the interfering beams impose a spatially modulated change in the index of refraction of the fiber core (with a period of -0.5pm for a Bragg wavelength of 1.5 pm). Also important, the space averaged refractive index increases in response to the envelope function of the interfering laser beams. (See Fig. 1 ). The best evidence for this slowly varying (in space) background index is the observation [6] that the vacuum Bragg wavelength increases as the gratings grow. Indeed, this is to be expected for any process in which the change in refractive index is a simple function of the light intensity, which itself is always non-negative.
In this paper we will not deal with the issue of the microscopic mechanism for grating formation. Instead, we characterize experimentally and theoretically the optical properties of fiber phase gratings, which by their nature include a spatially varying background index. We show that this slowly varying part of the index has significant consequences beyond shifting the Bragg wavelength. Further, as the gratings get stronger one also needs to take into account radiation mode coupling effects in order to adequately account for the observed spectral properties. In this way we explain the main features of our stronger gratings, many of which have not been reported in the literature. A preliminary report of our work has been presented previously [7] .
We model the refractive index, n, of the fiber core as being of the form
Here n,, is the background refractive index of the unmodified core (typically n,, = 1.46), 6 n ( z ) is the slowly varying envelope function of the induced change in index, and RG is the period of the grating, which is fixed by geometry during the writing process. If the induced index change is a linear function of the intensity of the interfering laser beams, then M , the modulation index of the grating, is constrained to lie between 0 (no grating) and 1 (perfectly balanced interferometer). However, a higher order process (such as a two photon absorption induced index change) can cause M to be greater than 1. We will also assume that the silica cladding of the fiber is not significantly modified by the ultraviolet light, in accord with experiment, so that the grating only exists in the core. 
EXPERIMENTAL RESULTS
For the purposes of making calculations we will take the envelope function of the grating to be a Gaussian. This assumption is supported by the transmission profile of a moderate strength grating, shown in Fig. 2 . The data are well fit to a Gaussian, after taking into account the 0.1 nm spectrometer resolution. It is well known that the spectral response of a weak grating is proportional to the Fourier transform of the grating spatial profile, in the absence of a significant background index (which is represented by the "1" in (1)). From computer calculations, based on the coupled mode theory, we have found that this is still a reasonable approximation for weak gratings in the presence of the background index term. From such a fit to the data we can estimate the peak amplitude of the index change, 6n(0) = 3 x lop4, after correcting for mode confinement in the fiber core (see below).
We next consider a grating written in a different, more photosensitive fiber, as shown in Fig. 3 (a). Here we see that a very pronounced structure has appeared on the short wavelength side of the Bragg peak. Viewed in reflection (Fig. 3(b) ) only the main peak appears, however. Therefore this structure must be due to light leaving the fiber from the side, and to analyze it we must take into account radiation mode coupling. Usually radiation mode coupling, which is routinely observed from surface relief gratings made by physically etching the core in a polished optical fiber [8] , is a smooth function of wavelength. However, the multiple sharp peaks which modulate this coupling are a direct consequence of the cylindrical cladding-air interface. To see this we have dipped the cladding in glycerin, which in effect eliminates this interface, leaving only the true radiation mode coupling (Fig. 4) . In effect, the cladding is acting as a cylindrical Fabry-Perot, imposing its resonant structure on the radiation mode spectrum. Indeed, one may make a simple estimate of what this mode spacing should be. 2 7 r / A~, where = Z.rrn,tf/X is the propagation constant of the LPol mode, n,tf is its effective index, and X is the vacuum wavelength; p is the propagation constant of the mode into which light is scattered. We use throughout the notation of Marcuse 191, taking p to be positive; in writing down the phase-matching condition, we have assumed that the scattered field propagates in a direction opposite to the initial LPol mode, as will be the case at the wavelengths studied in this work. The longest vacuum wavelength at which such scattered light can be propagating in the cladding, XL, is given by substituting p = 21rn,l/X~ in the phase-matching condition, where n,l is the cladding index. Introducing the design wavelength for the Bragg grating, AB = 2n,ffA~,X,ff AB -XL is given by For the fiber dipped in glycerin this should indicate the onset of radiation mode coupling. For the fiber in air this should indicate the onset of coupling into cladding modes, and we would expect that most of the light in the cladding would ultimately be coupled out into air by fiber bends and imperfections. Indeed, the onset of extinction of the guided mode in Figs. 3 and 4 is essentially the same. Yet for the fiber in air we must expect the efficiency of out-coupling to depend also on the structure of the cladding modes. A detailed study of these matters is beyond the scope of this paper. Still, we can obtain a qualitative understanding of the sharp peaks in the spectrum of Fig. 3 by a simple argument. The component of the wavevector transverse to the fiber axis in the cladding, n, satisfies ,/-= 27rn,l/X. Putting A, = XL-X, using the phase-matching condition we then find n N 4nn,lX~/2/X~'2. Now although other modes may be important, within the step index approximation the simplest approximation may be to assume the cladding modes of relevance are described primarily by Bessel functions of zero order, since this is the order of the guided mode. Fabry-Perot-like resonances of the cladding are therefore expected to be associated with the appearance of zeros in Jo(naCl), where a,l is the radius of the cladding. The spectrum of these resonances should be identified, in this simple picture, with the spectrum displayed in Fig. 3 
(3)
For our fiber grating (n,1 = 1 . 4 4 , X~ = 1.55pm,aCl = 62.5pm), this leads to a prediction of 6Xs M 0.75 nm for A, = 5 nm. Both this value, and the qualitative prediction of a spacing increasing as are in reasonable agreement with the observed mode spacing.
For a detailed calculation of the radiation mode coupling, we consider only the glycerin dipped fiber geometry within the step index approximation, although much of the formalism below can be carried over to more general configurations.
Taking the z direction to be along the fiber axis, we write the electromagnetic field amplitudes at frequency w in the ?(x, y, z ) 21 2~oEAn(x, y, z ) E(z, y, z )
where $(z, y, z ) is the full electric field, but we have assumed A n << E, with E being a reference index that may be taken, for example, equal to that of the cladding or core. In the presence of this polarization equations for the electromagnetic field can be derived directly [SI from the Maxwell equations. The field consists of an electric field where no(%, y) is the original refractive index profile in the fiber, and a field of the form (6), where however the G$p now depend on z. We find
where l?$p(s, y) = @(s, y)ffe;,(s, y), and the Pap are the conventional [9] normalization constants of the modes. Using the form of the full electric field back in (7), we may deduce equations for the Gzp directly from (9). For our calculations we take where l(s, y) is unity in the core and zero outside; more general models could obviously also be considered. Then for A n ( z , y , z ) << no(z,y), the result is predominant coupling of the guided mode to radiation modes of LP 0 symmetry, is used in our calculations below. Note that if the grating were uniform in both the core and cladding then symmetry would forbid any radiation mode coupling, as the overlap integrals in (12) would be zero. This is why radiation mode coupling effects are so much more pronounced in surface
p,a;,p, (~) e -~( f i a l + f i a )~ d p '
relief waveguide gratings. da-cYp(z) = -iPh(z) g~~, , p , " u + , p , ( z ) (12) etc., where it is clearly the overlap of the modes within the core alone that (within the approximation of (10)) determines the coupling strength. We take
where a(z), K ( z ) , and 4 ( z ) are assumed to be slowly varying, and K = r / h g N ?iw/c. For the special form of the core index profile given in (l), E a ( z ) = Sn(z),En(z) = M S n ( z ) / 2 , and 4 = 0. Since the coupling to radiation modes occurs far from Bragg resonance, we can easily identify terms in (12) which are analagous to "CO-rotating'' and "counter-rotating" terms in quantum optics [12] . Indeed, the set of equations we obtain maps onto the equations for the spontaneous emission of an atom from excited state, with the amplitude of the guided mode playing the role of an amplitude of the atom excited state, and the amplitude of the radiation modes playing the role of the photon states into which the atom emits. Here, of course, z plays the role of time; note that the overall coupling is dependent on z through ~( z ) ,
is slowly varying on the scale of K-l the analysis can proceed as in the atomic problem. The well-known Wigner-Weiskopf analysis then directly gives [13] dn+(z)
where U+(.) is the amplitude of the LPol mode, and the quantities in (16) are to be evaluated at the resonance (i.e., phase-matching) condition ,001 + , l ? -2K = 0. A "Lamb shift" of the guided mode also results, but it is small under the conditions of interest, and we neglect it. The extinction coefficient implicit in (14), taking into account only the The main peak is fit by using (1) in the coupling mode theory [9] . A step index fiber is assumed, with a measured core diameter of 2.6 , U m, and a measured core to cladding index difference of 0.023. The only free parameters are 6n(O) and the full width at half maximum (FWHM) length of the (assumed) Gaussian profile grating L,. It may be noted that the main peak may be well approximated without taking into account the fiber waveguide mode (i.e., a plane wave calculation), if 6 n ( z ) in (1) is replaced by some effective 6n,e(z). For a step index fiber with neglect of longitudinal fields, it turns out that this effective 6n,tf(z) is simply the true 6 n ( z ) multiplied by the fraction of the power found in the core; this may readily be obtained in a separate calculation, simplifying the analysis. Including the longitudinal fields only results in, at most, a 1% correction to 6n,ff, for typical single mode fiber parameters. This is a useful consideration when detailed knowledge of radiation mode effects is not needed. A best fit to the width of the peak yields 6n,~(O)/n,, = 6 x and we use M = 1 and a nominal L, = 0.5 cm. The latter is reasonable, based on diode array profiles of the laser beam. The radiation mode calculation is not very sensitive to the precise choice for M and L,, hence we do not use them as free parameters.
The result of these calculations is shown in Fig. 4 as a solid line. Away from the main peak, where Bragg reflection is insignificant, we use equation 14 to describe the extinction due to radiation mode coupling. It is clear that this coupling is very well described, including the precise onset of the coupling on the short wavelength side, given by (2) . The dependence of the radiation mode coupling on for fixed grating length (see (14) and (15)) explains why this coupling has not been seen for weaker gratings [see, e.g., 51; as strong gratings are studied in more detail, we may expect other interesting phenomena associated with the interplay of bound and free states of the radiation field to appear.
Returning to the main Bragg peak, where there is no coupling to radiation modes and usual coupled mode theory is applied, note that the calculation predicts some fine structure on the short wavelength edge of the Bragg peak (not well resolved on this scale). The experimentally observed peak does not show this fine structure simply as a consequence of the 0.1 nm resolution of the instrument used to measure the grating spectrum. To see this we present high resolution data which were taken on a different grating, using a tunable distributed Bragg reflector (DBR) semiconductor laser [4] . These measurements are complicated by the tendency of a DBR laser to mode hop as the injection current or temperature are changed (necessary to tune the laser). Smoothed data which were taken in this way are shown in (this is much less than the L, used above because a shorter region of the fiber was exposed in writing this particular grating). We also use M = 0.9 and find a best fit with 6 n e~( 0 ) / n , = 1 x The fit is reasonable, given the assumption of a Gaussian profile grating.
The most important new feature of the data is the pronounced structure on the short wavelength side of the grating peak. A small sidelobe structure has been noted previously in a significantly weaker grating [6] . It has been pointed out that this can result from a small nonlinear chirp in the grating period [6] , although in fact our gratings are not deliberately chirped; however the equivalent effect results from a spatially varying refractive index [14] . Thus the structure seen in Fig. 5 can be physically understood as a kind of Fabry-Perot effect. Due to the increase in the space-averaged index of refraction the entire grating resonance is shifted to longer wavelengths, but the region in the center of the grating, where the spaceaveraged index is increased the most, has its resonance shifted the farthest. Thus there is a frequency region near the shortwavelength side of the grating resonance where the edges of the grating are near their local B r a g resonances, but the center of the grating is not. Qualitatively the edges of the grating behave as partially reflecting mirrors, and the center as a transparent region. The resulting Fabry-Perot resonances account for the high transmission peaks in Fig. 5 , where light is resonantly coupled through quasi-bound states in the center of the grating. This physical picture can be made more rigorous by an effective medium description which will be presented in a future coplmunications [15]. But we stress here that the grating spectrum can be calculated by a straightforward numerical integration of the usual ooupled mode equatbw, modified only to include the space averaged index chasrge; as we used for OUT calculation in Fig. 5 . 
v. SUMMARY
In conclusion, we have both calculated and experimentally observed the fine structure on the main peak of an in-core fiber phase grating that results from the modulation of the background refractive index during grating growth. We have similarly characterized the short wavelength radiation mode loss and cladding mode structure that can be observed in stronger gratings. This new understanding is already proving to be useful in device design based on such gratings.
Note Added in Proof:
Rapid advances in the field have led to the writing of fiber gratings with &(O) exceeding 0.01 (see Mizrahi et al., "Ultraviolet lase fabrication of ultra-strong optical fiber gratings and of Germania-doped channel waveguides," Appl. Phys. Lett., vol. 63, pp. 1727-1729, 1993) . The results presented here are of increased relevance, however for ultra-strong gratings modifications to the guided mode profile can be significant. 
